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FIG. 1. Schematic diagram for the four-level model. 

ture and k is the Boltzmann constant. Parabolic and iso- 
tropic band structures have been assumed for both elec- 
trons and holes in this simple model. 

The maximum optical gain will be experienced at a 
frequency corresponding to the separation between the two 
ground states (n= 1) of Fig. 1 if we neglect the dephasing 
collision broadening. We can express it as 

G=AOpr(fe-tfh- 11, (1) 

where A0 is a material-dependent parameter, pr= ( pe ph)/ 
(pe+ph) is the reduced density of states for the ground 
state optical transition, p,=m/( rr R) and ph=mh/ 
(rr 9i2). The Fermi function is given by 

fc,h= [ l+ exp( -%)I-‘, (2) 

where Efe and Efh are the Fermi energy levels for electrons 
and holes measured from their ground states (n = 1 >, re- 
spectively. Given Efe and Efh, the corresponding carrier 
density is obtained from an integration of the density of 
states as 

N=p,hkT[ln[ l+ exp[ 2)] 

)I) 
. (3) 

From Eqs. (l)-(3) the differential gain is written explic- 
itly as 

dG A0 1 
dN=kT Pr iz,h i 1 + exp(Ef,JkT) 

1+ exp(Ef/kT) -1 

exp(Ej/kT) + exp(Ef/kT) ’ (4) 

where Ee=Esd and Eh=Ed(l-Rd). 
In Fig. 2, we show the carrier density and differential 

gain at transparency (Efe+Efh=O) as a function of the 
band gap offset ratio for different values of Ed. m, :mh 
= 1~7 has been taken and other parameters taken are 
shown in Fig. 2, which, are based on a typical GaAs/ 
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FIG. 2. Calculated carrier density (a) and differential gain (b) at trans- 
parency as a function of band gap offset ratio Rd. 

AlGaAs QW laser structure. It is shown that there exist 
optimal band gap offset ratios to obtain the lowest trans- 
parency carrier density and highest differential gain. A 
larger value of Dh presents a larger number of states of 
holes within one kT in the optical confining region due to 
the larger effective mass of the holes. When Rd is large 
(i.e., smaller band gap offset for the valence band), the 
state filling effect is dominated by the hole population in 
the optical confining region. As Rd decreases, the energy 
separation between the ground state and the states in the 
optical confining region in the valence band increases. The 
state filling for holes will be reduced, which leads to a 
smaller transparency carrier density and higher differential 
gain. However, if Rd is too small the state filling will be 
dominated by the electrons in the conduction band, result- 
ing in a larger transparency carrier density and a lower 
differential gain. 

In Fig. 3, we show the transparency carrier density and 
corresponding differential gain as a function of Rd for 
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FIG. 3. Calculated carrier density (a) and differential gain (b) at trans- 
parency as a function of band gap offset ratio Rd for reduced effective 
mass of holes in the QW and a deeper QW (larger value of Ed). 
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